Introduction
============

Dementia with Lewy bodies (DLB) is the second most common type of neurodegenerative dementia after Alzheimer's disease (AD), with a prevalence of up to 5% in the elderly population and approximately 10--25% in the dementia population ([@B44]; [@B75]). Clinically, patients with DLB have cognitive and motor symptoms that sometimes overlap with those of AD and Parkinson's disease (PD) ([@B47]). DLB is characterized by fluctuations in cognition and alertness, recurrent visual hallucinations, parkinsonism, and rapid eye movement sleep behavior disorders; the presence of two of these symptoms is sufficient for diagnosis of probable DLB ([@B44]; [@B32]). Other supportive clinical features, which are less specific, are severe neuroleptic sensitivity, repeated falls, autonomic dysfunction, anxiety, and depression ([@B32]). Currently, DLB has no cure. Therefore, identifying a more effective medication has become crucial.

Pathologically, the cardinal feature of DLB is the widespread accumulation of intracytoplasmic Lewy bodies ([@B51]; [@B42]), first described by Friedrich Henrich Lewy in 1912. Lewy observed large eosinophilic spherical or kidney-shaped intracytoplasmic inclusions abundantly expressed in the cortical/subcortical neuronal bodies in patients with paralysis agitans, but did not provide much clinical detail ([@B72]). In [@B36] reported an autopsy case of unclassifiable presenile dementia, which evidenced the association between Lewy bodies and dementia; the unclassifiable dementia was subsequently termed DLB. Immunohistochemical techniques and subsequent use of anti-α-synuclein antibodies ([@B66]) further revealed that the primary component of Lewy bodies is α-synuclein (α-syn) in DLB ([@B65]; [@B5]; [@B33]). α-Syn is a 140-amino soluble protein encoded by *SNCA*, which is abundantly expressed in the central nervous system ([@B65]; [@B5]; [@B33]). Genetic mutations in α-syn, including point mutations (A53T, A30P, and E46K) and multiplications, have been linked to the neuropathology of DLB ([@B63]; [@B76]). However, the exact mechanism of α-syn aggregation and the formation of Lewy bodies as well as the mechanism by which it induces toxicity to neurons are still unclear. Although the presence of a high degree of neuronal death at sites of misfolded α-syn aggregation suggested the possible involvement of aggregated α-syn inclusions in the cytotoxicity in DLB ([@B69]), overexpression of wild-type α-syn itself do not cause α-syn aggregation ([@B34]). Moreover, no pathogenic alterations or polymorphism in *SNCA* was found in DLB, indicating that mutated α-syn does not play a major role in DLB ([@B67]). Therefore, some additional factors may contribute to the abnormal α-syn aggregation in DLB.

Although α-syn is the main component of Lewy bodies in DLB, it is originally found in the senile plaques of the brains of patients with AD. Up to 50% of familial and sporadic patients with AD exhibit Lewy bodies upon autopsy. Cortical deposition of beta-amyloid (Aβ) and neurofibrillary tangles, both of which are known to be involved in AD neuropathogenesis, are also frequently observed in individuals with DLB ([@B21]) and are linked to disease severity ([@B4]). Aβ accelerates the oligomerization of α-syn, which accentuates its toxicity and leads to neural and behavioral deterioration caused by α-syn ([@B53]). Moreover, direct or indirect interactions between α-syn and Aβ promote their mutual aggregation and accumulation, disturb the function of mitochondria, cause excessive glutamate release in synapses, and eventually result in excitotoxicity and cell death in the cortex, striatum, and limbic system. Evidence indicates that Aβ may elicit oxidative and inflammatory reactions and suppress the clearance of α-syn, which directly promotes α-syn protein accumulation, thereby triggering the pathological effects of α-syn ([@B43]; [@B41]). In other words, Aβ aggravates the neurotoxicity of α-syn in the brain ([@B41]).

Viral vectors containing human α-syn gene, *SNCA*, can constantly express α-syn proteins in a host. Some studies have injected vectors to deliver *SNCA* into the hippocampus, cortex, and striatum of rats and used α-syn expression to indicate the disease state of DLB ([@B40]; [@B53]). The use of viral vectors for *in vivo* gene transfer has many advantages, namely low cost, fast transduction, and high expression of transferred genes. Additionally, specific brain regions of interest (ROIs) can be targeted ([@B45]). Although viral vectors can deliver specific genes to the brain ROIs of the host, the transduction essentially remains confined to the area near the injection site. Therefore, more widespread transduction in larger brain regions such as the cortex remains challenging ([@B10]; [@B2]). In the present study, we reidentified the major hallmarks of DLB by directly injecting α-syn gene vector into the lateral ventricle of rat brains. The rationale behind this viral-based genetic rat model was that, because viral vectors are diffused widely with the flow of cerebrospinal fluid, *SNCA* may be transferred and α-syn expression can be induced in widespread brain regions. We evaluated the validity of this animal model of DLB by examining its reproducibility in both neuronal and cognitive symptoms (e.g., changes in learning and memory capability) of the disease.

Currently, no specific medicine is available for treating DLB. Because DLB and AD share many clinical features, which implies common underlying pathophysiology ([@B59]), the pharmacological therapy strategies for AD, such as cholinesterase inhibitors and *N*-methyl-[D]{.smallcaps}-aspartate glutamate receptor antagonists (e.g., memantine), are used to alleviate DLB symptoms. Although these drugs have the potential to alleviate cognition symptoms ([@B70]), numerous adverse side effects such as hallucinations and schizophrenia-type symptoms have limited tolerability to these drugs ([@B1]; [@B71]). Recent clinical and preclinical evidence has led to identification of a new drug target. By screening more than 1000 FDA-approved drugs, Rothstein and his colleagues found that a beta-lactam antibiotic, ceftriaxone (CEF), can increase expression of astrocytic glutamate transporter-1 (GLT-1) through transcriptional activation and investigated its biochemical and functional activities *in vivo* ([@B57]). Thus, CEF is considered to have the potential for enhancing glutamate clearance in the synaptic cleft, thereby preventing the excitotoxicity that contributes to neuronal injury and death in neurodegenerative diseases ([@B57]). Our previous study demonstrated that CEF ameliorated behavioral and neuronal deficits and increased neurogenesis in the hippocampus and substantia nigra in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD rat model ([@B26]). Because glutamatergic hyperactivity and excitotoxicity participate in the pathophysiology of DLB, we also evaluated the efficacy of the novel therapeutic agent CEF in improving neurological and behavioral deficits in the DLB rat model in this study.

Materials and Methods {#s1}
=====================

Animals
-------

Twelve-week-old male Wistar rats (weighting: 420 ± 30 g; *n* = 25; BioLASCO Taiwan Co., Ltd., China) were randomly assigned to groups of 3--4 and housed in acrylic cages (35 cm × 56 cm × 19 cm) in a temperature-controlled animal room (21∼25°C) with free access to food and water. Photoperiods in rat rooms were controlled by an automatic timer to provide 12 h of light (from 7:00 to 19:00 h) and 12 h of dark (from 19:00 to 7:00 h) cycle. In order to minimize defensive behaviors and stress responses to the experimenter, prior to the start of the experiment all animals were handled for 5 min/day for two consecutive days. All behavioral observations were conducted during the light phase and the animals were transferred to the observation room under dim illumination (red light of 28 lx) with 70 dB of white-noise masking to reduce the ambient environmental interference to animals. The instrument was cleaned with 20% ethanol before the experiment. Before the conductance of behavioral tests, the animals were allowed to adapt for 15 min in the observation room and to be familiar with the environment. All experimental procedures were performed according to the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care Committee of Chung Shan Medical University (IACUC approval No. 1455). All efforts were made to minimize animal suffering and to reduce the number of animals used ([@B8]).

General Procedures
------------------

The rats were randomly divided into three groups, i.e., "Sham+saline" (*n* = 10), "DLB+saline" (*n* = 7) and "DLB+CEF100" groups (*n* = 8), and underwent stereotaxic brain surgery on day 0 as described in our previous reports ([@B8]). Briefly, all rats were anesthetized by i.p., injection of Zoletil (20 mg/kg; Virbac, Carros, France) and mounted in a stereotaxic frame. For rats in the "DLB+saline" and "DLB+CEF100" groups, recombinant adeno-associated viral (rAAV) vector containing human α-syn gene, *SNCA*, (10 μl) were injected into the left lateral ventricle to induce whole-brain α-syn overexpression using the following coordinates adapted from the rat brain atlas (AP: -0.8 mm, ML: -1.5 mm, DV: -3.6 mm from the bregma, midline and skull surface, respectively). In addition, 5 μl of Aβ~1-42~ (10 μg) solution was bilaterally infused in their prefrontal cortex using the following stereotaxic coordinates (AP: 1.6 mm, ML: ± 2.0 mm, DV: -2 mm from the bregma, midline, and skull surface, respectively). Aβ peptide (Anaspec, United States) was prepared as described previously ([@B35]). Briefly, Aβ lyophilizates were dissolved at 10 mM in 10% 60 mM NaOH and 90% 10 mM phosphate buffer (pH 7.4) as an alkaline stock reagent. The stock solution was then diluted to 100 μM Aβ in 50 mM phosphate buffer, 150 mM NaCl, pH 7.4, and incubated for 24 h at 4°C to obtain Aβ oligomers. The human wild-type α-syn coding sequence was amplified and cloned into the SPORT6-pCMV or rAAV vectors. For *in vivo* transfection, rats were stereotaxically injected with rAAV-pCMV-SNCA (viral titer: 1.5E12 genome copies per mL). Production of rAAV vector constructs was based on previous report ([@B2]). On the contrary, rats in the "Sham+saline" group were infused with 10 μl and 5 μl of saline, respectively, in the left lateral cerebral ventricle and bilateral prefrontal cortex with the stereotaxic coordinates mentioned above. During the five post-operative days, the rats were housed individually in plastic cages and 10% sucrose solution was provided *ad libitum* to prevent weight loss after surgery and reduce mortality.

Ceftriaxone or saline (control) treatment started from day 1 post-operation and continued for 27 days. Animals in the "Sham+saline" and "DLB+saline" groups received saline injection (1 ml/kg/day, i.p.) while animals in the "DLB+CEF100" group received CEF treatment (100 mg/kg/day, i.p.) (Roche, Kaiseraugst, Switzerland). The rationale of using the dosage (100 mg/kg/day) of CEF in the present study was based on our previous studies, where the treatment of CEF at the dosage restored working memory and object recognition in the MPTP-induced PD rat model ([@B26]), Furthermore, the treatment of CEF at the dosage of 200 mg/kg/day for 5 days suppressed transient forebrain ischemia-induced loss of GLT-1 and have protective effects on CA1 neurons ([@B52]).

Cognitive functions were assessed with two behavioral tests, namely the object recognition test on day 25∼27 and the active avoidance test on day 26.

In addition, in order to examine treatment effect on neurogenesis in the dentate gyrus (DG) and in the substantia nigra (SN), all animals received injection of 5′-bromo-2′-deoxyuridine (BrdU, 150 mg/kg, i.p.), a marker of proliferating cells, dissolved in saline at a concentration of 25 mg/ml, at 17:00 and 23:00 h on day 27. After the experimental procedure, all rats were euthanized (on day 28) by exposure to CO~2~ and transcardially perfused with phosphate-buffered saline (PBS) with their brains fixed using 4% paraformaldehyde immediately before being removed. The fixed brains were post-fixed and dehydrated in 40% sucrose solution containing 4% paraformaldehyde.

Behavioral Tests
----------------

### Object Recognition Test

Recognition ability was measured using the object recognition test. Rats have a natural tendency to spend more time exploring novel objects than familiar ones in the same context. This novelty preference provides an index of object recognition by measuring whether the rats can distinguish between new objects and old objects. The apparatus, an open box (60 cm long × 60 cm wide × 60 cm high) was divided into nine areas, and three out of the four objects (A, B, C, or D) were fixed on the floor in three corners of the arena while the rat was placed in the other corner of the open box ([Figure 1A](#F1){ref-type="fig"}). No further changes were made once the location had been determined. All objects are the same during the training period, but the object B was replaced by a novel object D during the test period.

![Effect of ceftriaxone (CEF) on behavioral performance in the object recognition test. **(A)** Schematic diagram of the schedule and arrangement of the objects in the object recognition test. **(B)** Rats were infused with Aβ in the prefrontal cortex and with recombinant adeno-associated viral (rAAV) vector containing *SNCA* in the lateral ventricle to model DLB but in sham-operated rats, these brain regions were infused with saline instead. CEF or saline (control) treatment started from day 1 post-operation and continued for 27 days. The sham-operated rats received only saline injection (1 ml/kg/day, i.p., "Sham+saline" group) while DLB rats were sub-divided into two groups, receiving either CEF (100 mg/kg/day, i.p., "DLB+CEF100" group) or saline (1 ml/kg/day, i.p., "DLB+saline" group) injection. ^∗^*P* \< 0.05, compared with the percentage of time spent on exploring object B. The data are expressed as the mean ± SEM.](fnins-13-00507-g001){#F1}

Each rat was subjected to three training sessions separated at 24 h interval. In the training session, the rat was allowed to explore the objects in the open box for 5 min; then, 5 min after the last training session, a test session was performed. In the test session, the object "B" was replaced by a novel object, "D," while, following object replacement, the animal returned to explore the open box for another 5 min. The exploration time spent on the object B in the training session and on the object D in the test session was calculated in percentage of the time spent exploring objects \[(time ~BorD~/time ~allobjects~) × 100%\]. The difference in the percentage of time spent exploring the old object "B" and the novel object "D" served as a measure of recognition ability for the familiar object.

### Active Avoidance Test

The active avoidance test was used to assess the fear-based conditioned avoidance learning that is an operational conditioning as well. The behavior was tested in a two-compartment shuttle box (AccuScan Instruments, Inc., AI0506SHF512R, United States), consisting of two equal-size compartments (22.5 cm long × 21.5 cm wide × 33 cm high) that had an electrified grid floor made up of stainless steel bars and shared a central door (diameter 7.5 cm). The central door was opened to allow the animals to cross to the opposite chamber. The grid floor had parallel stainless steel bars spaced 0.7 cm apart, which can deliver electric shock ([Figure 2A](#F2){ref-type="fig"}).

![Effect of ceftriaxone (CEF) on the percentage of avoidance in the active avoidance test. **(A)** Schematic representation of the shuttle box used in the active avoidance test. **(B)** The treatment and group name are the same as those in [Figure 1](#F1){ref-type="fig"}. DLB+saline group had a lower percentage of avoidance, compared with the Sham+saline group. *^∗∗^P* \< 0.01, compared with Sham+saline group. The data are expressed as the mean ± SEM.](fnins-13-00507-g002){#F2}

Rats learned to pair a conditioned stimulus (CS, 115 db tone plus light, 3 s) with an aversive unconditioned stimulus (UCS, 0.5 mA electric foot shock, a maxima of 10 s) and to prompt a correct response (e.g., moving to the safe chamber of the shuttle box). The test started with a 60-s free exploration of the shuttle box where it did not matter in which chamber the rat was placed initially. Then a total of 25 trials were carried out with the inter-trial interval of 47--57 s. In each trial, the CS came up in the chamber where the rat was. If the rat crossed the central door during the presence of the CS, no UCS will be delivered. If rats failed to act during the 3 s of CS, the UCS would be delivered together with the presence of CS. Delivery of CS and UCS were controlled by the software, ShuttleFlex System. Three dependent variables were measured: active avoidance response (correct move during the CS presence), escape response (move following onset of UCS), and escape failure (failure to perform a move during the UCS).

Histological Assessment
-----------------------

For immunostaining, the brain tissues were rapidly frozen and sectioned (25 μm thick) in the coronal plane through the brain on a cryostat. Serial sections containing three regions of interest (ROIs), including striatum (bregma 2.04 to 0.96 mm), hippocampus (bregma --2.76 to--4.20 mm) and substantia nigra (SN, bregma --4.80 mm to --5.76 mm), were collected referring to the rat brain atlas ([@B55]), mounted on gelatinized slides and kept in PBS until being immunostained. The immunostaining assays used for histological analysis were detailed below, which were used to detect: (1) the density of the pyramidal neurons in the hippocampal dentate gyrus (DG); (2) the density of dopaminergic (DAergic) neurons and terminals in the SN pars compacta (SNc) and in the striatum, respectively; and (3) the neurogenesis in the hippocampal DG and in the SN.

### Nissl Staining

The Nissl staining was used to detect the neuronal density in the hippocampus. A series of adjacent sections containing hippocampus were washed twice for 15 min in 0.01 M PBS and incubated in 0.5% cresyl violet staining solution ([@B23]; [@B26]; [@B73]).

### Tyrosine Hydroxylase (TH) Staining

Immunohistochemical staining of TH was used to evaluate DAergic neurons in the SNc and DAergic terminals in the striatum, respectively. The TH staining was performed as described in our previous reports ([@B24]; [@B27]; [@B73]). Briefly, frozen brain sections containing the striatum and SNc were immunostained with rabbit polyclonal antibodies against rat TH (1:500 dilution in PBS; Millipore, CA, United States) at room temperature overnight. Then, sections were sequentially incubated with biotinylated horse anti-rabbit IgG antibodies (1:300 dilution in PBS; Vector Laboratory, CA, United States) at 37°C for 1 h, followed by incubating with streptavidin-horseradish peroxidase (1:300 dilution in PBS; Biorad Laboratories, Oxford, United Kingdom) at 37°C for 30 min, and with 0.02% 3,3′-diaminobenzidine tetrachloride (DAB) (Sigma, United States) at room temperature for 30 min. After that, the slides were extensively washed with PBS.

### Neurogenesis (Bromodeoxyuridine, BrdU) Staining

Bromodeoxyuridine staining was used to detect newborn cells in the hippocampal DG and in the SN. For immunostaining the BrdU-labeled cells, the coronal sections containing the hippocampus and SN were rinsed (3 × 5 min each) with 0.05 M TB, incubated for 20 min at room temperature with 0.3% hydrogen peroxide, reacted with 0.5% Triton-100 for 15 min to increase permeability of cells, denatured by incubation for 30 min at 37°C with 2N HCl, and blocked by incubation for 1 h at room temperature in 100% normal goat serum dissolved in TB containing 0.5% Triton-100. They were then incubated overnight at 4°C with mouse monoclonal antibody against BrdU (1:100; Cell Signal, United States) and incubated sequentially for 1 h at room temperature with biotinylated horse anti-mouse IgG (H+L) antibodies (1:200; Vector, United States), 30 min at 37°C with streptavidin-horseradish peroxidase (1:300), and 40 s at room temperature with 3,3′-diaminobenzidine tetrachloride (DAB, Sigma, United States), then dehydrated in ethanol and xylene and coverslipped.

### Image Analysis

After immunostaining, images of histological sections were captured using a microscope (ZEISS AXio Imager A2, Germany) coupled to a CCD (Optronics, United States). The contour delineations of the area of interest (AOI were defined according to the rat brain atlas ([@B55]) and were drawn with the Q Capture Pro 7 software (Media Cybernetics, CA, United States). The cell number was counted by the Image Pro Plus Software 6.0 (Media Cybernetics, CA, United States).

The counting of the pyramidal cells in the hippocampal DG and CA1 region was performed as published in our previous reports ([@B24]; [@B26]; [@B73]). The following parameters were calculated: optical density (OD) of TH immunoreactivity in the striatum; densities of DAergic neuron in the SNc and pyramidal cell (percentage of neuronal area) in the hippocampus, and neuronal area in the DG. The images of α-syn immune-positive cells and BrdU labeled cells were acquired using a microscope (ZEISS AXioskop2, Germany) and the density of cells was counted.

To determine the number of BrdU-labeled cells in the DG and in the SN, we use the semi-quantitative method, a modified version of the fractionator principle, that was based on a stereological method reported in the literature ([@B37]; [@B77]; [@B25]). The thickness of the DG is 1,360 μm (4,160--2,800 μm), thus the DG produced 54 sections (1360/25 μm). The thickness of the SNc is 900 um (6,040--5,140 μm), thus the SN produced 36 sections (900/25 μm). We stained a one-in-six series of sections covering the entire hippocampus and SN in its rostrocaudal extension. BrdU labeled cells were counted exhaustively in the SN and in the granule cell layer and the subgranular zone (SGZ) of DG. The total number of BrdU-labeled cells was then estimated by multiplying the resulting counts by six because every sixth section had been used. The numbers obtained in our study are thus absolute numbers per SN and per DG.

Data Analysis
-------------

SPSS 17.0 statistical software was used for data analysis. Analysis of variance (ANOVA), followed by the least-significant difference (LSD) *post hoc* test, was used to analyze the active avoidance test and histological results, while the paired-samples *t*-test were used to analyze the object recognition test data. All results are expressed as the mean ± SEM. The level of significance was defined as *P* \< 0.05.

Results
=======

Behavioral Tests
----------------

### Object Recognition Test

Paired-sample *t*-test was used to measure the differences between the percentage of exploration time the rat spent on old object "B" and that on novel object "D" for each group to check CEF restoring animal's object recognition ability in the object recognition test. Both control (Sham+saline) and DLB rats treated with CEF at the dosage of 100 mg/kg/day (DLB+CEF100) spent a significantly higher percentage of time exploring novel object "D" than exploring old object "B" (df = 6, Sham+saline group: *t* = --2.52, DLB+CEF100 group: *t* = --3.62, both *P*-values \< 0.05). However, no difference in the percentage of the time exploring objects "B" and "D" was observed in the DLB+saline group (df = 6, *t* = --0.91, *P* = 0.40), indicating an impairment in object recognition ([Figure 1B](#F1){ref-type="fig"}).

### Active Avoidance Test

One-way ANOVA revealed a group difference in the percentage of avoidance (correct moves during the CS) in the active avoidance test \[*F*(2,21) = 6.14, *P* \< 0.01\]. The LSD *post hoc* analysis showed that the main difference occurred between "Sham+saline" and "DLB+saline" groups where the percentage of avoidance was significantly lower in the "DLB+saline" group (9 ± 3%) than the "Sham+saline" group (38 ± 7%) (*P* \< 0.01). CEF treatment ("DLB+CEF100" group, 24 ± 6%) could slightly protect the DLB rats against task performance deficit. However, we may need more conservative inferences because no statistic differences were observed between the DLB+saline and DLB+CEF groups ([Figure 2B](#F2){ref-type="fig"}).

Histological Assay
------------------

### Density of Pyramidal Neurons in the Dentate Gyrus (DG)

In the hippocampal DG, one-way ANOVA revealed that density of Nissl-stained pyramidal neurons had a significant group difference \[*F*(2,14) = 10.58, *P* = 0.02\]. The LSD *post hoc* test indicated that the density of the DG neurons was significantly lower in the DLB+saline group as compared with the Sham+saline group (*P* = 0.001) and with the DLB+CEF100 group (*P* \< 0.01). However, compatible DG neuronal density was observed between the Sham+saline and the DLB+CEF100 groups ([Figure 3](#F3){ref-type="fig"}). This result suggested that there was a neuronal loss in the hippocampal DG of the DLB rats and this could be protected by CEF treatment.

![Effect of ceftriaxone (CEF) on neuronal density in the hippocampal dentate gyrus (DG). The treatment and group name are the same as those in [Figure 1](#F1){ref-type="fig"}. **(A--C)** Nissl-stained pyramidal cells in the DG of the hippocampus are demonstrated by the representative coronal section of each group. Magnification, 100×; bar, 100 μm. The square in **(D)** indicates the area used for measuring the density of the Nissl-stained pyramidal neurons in the DG region of the hippocampus. **(E)** Quantitative results. *^∗∗∗^P* \< 0.001, compared to Sham+saline group; *^\#\#^P* \< 0.01, compared to DLB+saline group. The data are expressed as the mean ± SEM.](fnins-13-00507-g003){#F3}

### Density of DAergic Terminals in the Striatum

Tyrosine hydroxylase immunoreactivity was used to measure the density of DAergic terminals in the striatum ([Figure 4](#F4){ref-type="fig"}). One-way ANOVA revealed that the TH immunoreactivity at the DAergic terminals of the striatum showed a significant group difference \[*F*(2,14) = 15.83, *P* \< 0.001\]. The LSD *post hoc* analysis indicated that rats in the DLB+saline group significantly reduced 13% of TH immunoreactivity in the striatal DAergic system compared with both Sham+saline group (*P* \< 0.001) and DLB+CEF100 group (*P* \< 0.01) while the comparison between the latter two groups showed no significant difference. This result indicated that striatal DAergic loss occurred in the current DLB rat model and CEF treatment restored density of DAergic terminals in the striatum ([Figure 4](#F4){ref-type="fig"}).

![Effect of ceftriaxone (CEF) on tyrosine hydroxylase immunoreactivity in the DAergic terminals of the striatum. The treatment and group name are the same as those in [Figure 1](#F1){ref-type="fig"}. **(A--C)** Tyrosine hydroxylase immunoreactivity in the DAergic terminals of the striatum is demonstrated by the representative coronal section of each group. Magnification, 50×; bar, 200 μm. The square in **(D)** indicates the area where the TH immunoreactivity was measured. **(E)** Quantitative results. *^∗∗∗^P* \< 0.001, compared with Sham+saline group; *^\#\#^P* \< 0.01, compared with DLB+saline group. The data are expressed as the mean ± SEM.](fnins-13-00507-g004){#F4}

### Density of DAergic Neurons in the Substantia Nigra Pars Compacta (SNc)

In the SNc, one-way ANOVA revealed that the density of DAergic neurons in the SNc showed a significant group difference \[*F*(2,14) = 7.74, *P* \< 0.01\]. LSD *post hoc* analysis showed that rats in the DLB+saline group had a significant lower density of DAergic neurons in the SNc when compared with the Sham+saline group (*P* \< 0.01) and the DLB+CEF100 group (*P* \< 0.05) while the density of DAergic neurons are compatible in the latter two groups ([Figure 5](#F5){ref-type="fig"}).

![Effect of ceftriaxone (CEF) on density of DAergic neurons in the substantia nigra pars compacta SNc. The treatment and group name are the same as those in [Figure 1](#F1){ref-type="fig"}. **(A--C)** The density of DAergic neurons in the SNc is demonstrated by the representative coronal section of each group. Magnification, 50×; bar, 200 μm. The square in **(D)** indicates the area where the neuronal density of DAergic neurons was measured. **(E)** Quantitative results. *^∗∗^P* \< 0.01, compared with Sham+saline group; *^\#^P* \< 0.05, compared with DLB+saline group. The data are expressed as the mean ± SEM.](fnins-13-00507-g005){#F5}

### Neurogenesis in the DG and SN

The cell proliferation, newborn cell, was assayed by BrdU labeling in the hippocampal DG ([Figure 6](#F6){ref-type="fig"}) and SN ([Figure 7](#F7){ref-type="fig"}). In the hippocampal DG, one-way ANOVA revealed that there was a significant group difference \[*F*(2,14) = 10.05, *P* = 0.03\]. *Post hoc* analysis using the LSD test indicated that the BrdU-positive cell number of the DLB+saline group (122 ± 8) was significantly lower comparing either with the Sham+saline group (210 ± 41, *P* \< 0.01) or with DLB+CEF100 group (169 ± 21, *P* \< 0.05).

![Effect of ceftriaxone (CEF) on neurogenesis in the hippocampal dentate gyrus (DG). The treatment and group name are the same as those in [Figure 1](#F1){ref-type="fig"}. **(A--C)** Newly generated cells are indicated by BrdU labeling in the representative coronal section of each group. Magnification, 200×; bar, 50 μm. High magnification images (1000×) of BrdU-positive cells are shown in the insets. **(D)** DG. **(E)** Quantitative results. *^∗^P* \< 0.05; *^∗∗^P* \< 0.01, compared with Sham+saline group. *^\#^P* \< 0.05, compared with DLB+saline group. The data are expressed as the mean ± SEM.](fnins-13-00507-g006){#F6}

![Effect of ceftriaxone (CEF) on neurogenesis in the substantia nigra (SN). The treatment and group name are the same as those in [Figure 1](#F1){ref-type="fig"}. **(A--C)** Coronal sections in the SN. Newborn cells are indicated by BrdU labeling in representative coronal sections. Magnification, 200×; bar, 50 μm. High magnification images (1000×) of BrdU-positive cells are shown in the insets. **(D)** SN. Quantitative results of pars compacta (SNc) **(E)** and of pars reticulate (SNr) **(F)** are shown. *^∗^P* \< 0.05, compared with Sham+saline group. The data are expressed as the mean ± SEM.](fnins-13-00507-g007){#F7}

The ANOVA revealed that number of BrdU-positive cell in the SNc showed no between-group difference \[*F*(2,14) = 2.47, *P* = 0.127\]. While in the substantia nigra pars reticulata (SNr), the number of BrdU-positive cell showed a significant-group difference \[*F*(2,14) = 4.15, *P* = 0.04\], and *post hoc* analysis showed that rats in DLB+saline group (71 ± 13) had a lower number of BrdU-positive cell, compared with Sham+saline group (114 ± 27) (*P* \< 0.05). DLB+CEF100 group (94 ± 23) showed no difference in the number of BrdU-positive cell, compared with Sham+saline group ([Figure 7](#F7){ref-type="fig"}).

Discussion
==========

The present study revealed that DLB rats exhibited neuronal loss, cognitive dysfunction, and reduced neurogenesis. CEF treatment improved cognitive decline and neurological deficits and restored neurogenesis in the DLB rats. Thus, CEF may have clinical potential for prevention and treatment of DLB.

Lewy bodies and Lewy neurites formed by α-syn accumulation are involved in DLB pathophysiology ([@B7]; [@B60]) and result in neurotoxicity and cell loss in the brain ([@B33]; [@B6]; [@B28]). Interactions between α-syn and Aβ promote α-syn aggregation ([@B41]). Thus, in addition to injecting the α-syn gene vector into the lateral ventricle of rats, Aβ was injected into the bilateral prefrontal cortex in the present study to accurately model the pathological characteristics of DLB.

[@B2] reported a first rat model of widespread progressive synucleinopathy throughout the forebrain using local injection of adeno-associated viral (AAV) vector expressing human α-syn into the striatum of rats. The local injection of AAV induced a wide transport of α-syn throughout the brain ([@B2]). Thus, it is no need to inject AAV in a certain brain area for inducing expression of α-syn at the area. But the striatal injection of AAV vector caused a prominent α-syn expression in the cortex and a lesser extent in the limbic area, the mechanism underlies which may be the anterograde transport ([@B2]). Hippocampus, the brain structure surrounding the caudal parts of the ventricles, is involved in cognitive function and plays an important role in pathological changes in DLB. Hence for inducing a transduction of α-syn in the hippocampus, injection of vector into the ventricle was selected in the present study, by which the vector perfused in the CSF and can approach all the brain areas. Our previous *in vitro* study has demonstrated that Aβ treatment in α-syn-overexpressed neurons significantly increased intracellular α-syn aggregation and cytotoxicity, indicating the interaction of these two proteins ([@B9]). Considering AAV particles diffuse very efficiently in the CSF, we recently injected rAAV into the ventricle and Aβ into the hippocampus of rats. We found that α-syn overexpressed in all the brain areas and that Aβ inhibited autophagy and enhanced α-syn aggregation and cell loss in the hippocampus ([@B41]). To mimic the pathological changes of DLB, Aβ was injected into the cortex in the present study because of that Aβ affects nearby areas and that up to one-fourth of DLB patients shows cortical deposition of Aβ ([@B21]). Moreover, it is worthy to elucidate how Aβ in the cortex affects α-syn accumulation in the hippocampus and to analyze correlation of the two proteins. For avoiding local high concentration and unequal distribution, rAAV was not injected into a certain brain area. For avoiding high volume damage, rAAV and Aβ were not injected at a same brain area. Consistent to our previous report, we observed α-syn accumulation and cell loss in the hippocampus ([@B22]). These neurohistological changes were related to the behavioral defects in learning and recognition, which is consistent with literature reports showing that α-syn is involved in neurodegenerative synucleinopathies and in the onset and progression of DLB ([@B16]).

In accordance with reports in the literature showing robustly expression of α-syn mRNA in forebrain, including striatum, motor cortex, frontal cortex, olfactory bulb, and substantia nigra, 10 months after AAV injection in neonatal rat ([@B2]), our unpublished data showed a 12-fold higher level of α-syn mRNA expression 6 weeks after AAV injection. The increase of α-syn protein level was compatible to the mRNA enhancement. However, analyzing time course of α-syn mRNA expression and correlation between the expression of α-syn and the increase of α-syn immuno-positive cells will provide insight into the role of α-syn accumulation in pathological changes in DLB.

Synucleinopathies share a number of features in pathology of neurological disorders. α-Syn and Aβ cause neuroinflammation and neurodegeneration, which have been the center of focus in understanding the etiology of these disorders ([@B33]). We reported a method of injection of Aβ and viral vectors with the *SNCA* gene into the brain to induce the DLB rat model ([@B41]). Consistent with our report ([@B22]), the present study revealed that DLB rats showed a high level of α-syn accumulation in the hippocampal DG and a lower density of pyramidal neurons in the hippocampal CA1 and DG.

It has been reported that severity of cognitive impairment in DLB is correlated with the density of Lewy neurites in the hippocampus, raising the possibility that disruption of the connection between the dentate gyrus, entorhinal cortex, septal nuclei, and hypothalamus and the CA1 contributes to dementia ([@B12]). The evaluation of α-syn accumulation and neuronal density in the hippocampal DG supported the above findings. Analyzing the cortical density of Aβ in the future study will provide further information for speculating the role of Aβ in the pathophysiology.

Recognition memory refers to the ability to recognize previously encountered events, objects, or places. When a past event is re-experienced, the animal compares the environmental stimuli with stored memories, elicits matching signals, and produces responses ([@B50]). Patients with DLB have visual construction and perception defects. Even in a familiar street or at home, patients may lose their sense of direction and become lost ([@B46]). A study evaluated the performance of patients with DLB in a delayed matching-to-sample test (a test used to evaluate visual recognition memory), where, compared with healthy controls, patients with DLB obtained a lower visual recognition memory score ([@B32]). To evaluate whether the DLB rat model established in this study also exhibited damaged recognition ability, object recognition test was conducted.

The object recognition test used rats' nature of exploring objects. When a rat discovers a new object in a familiar environment, it tends to spend more time exploring the new object than exploring an object it is familiar with ([@B48]). In the test, the rats needed to distinguish between the familiar and new objects. This required memory of the familiar object; that is, a rat's preference for the new object indicated that it retained a memory of the familiar object ([@B18]). Therefore, by analyzing the time spent by a rat to explore new and familiar objects, the ability of the rat to recognize objects was evaluated. In this study, the rats in the Sham+saline group spent more time exploring the new object, whereas no significant differences were observed in the time spent on exploring the new and old objects in the rats in the DLB+saline group, indicating the impaired ability of these rats to recognize objects. The rats in the DLB+CEF100 group spent higher amounts of time on exploring the new than on exploring old objects, indicating that CEF treatment repaired the object recognition ability of DLB rats. Similarly, we previously found that 5 days before the induction of PD, treatment with CEF (100 mg/kg/day) effectively prevented recognition impairment in a PD rat model ([@B26]).

Learning is an ongoing experience-based process of behavior change and can be divided into non-associative learning and associative learning. Non-associative learning is a change in behavior response over time with a stimulus, including habituation and sensitivity. Associative learning is the course of behavior change with different stimuli that form links and is divided into classical conditioning and operational conditioning. If an individual gradually improves their accuracy or response speed through repeated exposure to a specific stimulus or procedure or if the individual is capable of learning motor or cognitive skills without the need to consciously recall past learning scenarios or rules for a task, the individual is defined as undergoing procedural learning ([@B13]). Patients with DLB exhibit difficulties in initial learning and memory retrieval and are thus unable to acquire new knowledge or skills. Hamilton et al. used the California verbal learning test and Wechsler memory scale test to evaluate the learning and immediate recall of patients with DLB. The patients exhibited impairment in these two learning tasks, indicating difficulties in memory encoding ([@B19]). Moreover, one study demonstrated that despite intact declarative memory, skill learning (procedural learning) was poorer in patients with PD ([@B20]). The active avoidance test in the present study used operational conditioning coupled with CS (lighting and tone) and UCS (electrical shock) to enable animals to learn the association between CS and UCS through negative reinforcement and execute avoidance responses when CS appeared. Hence, the behavioral data of the active avoidance test can be used to evaluate procedural learning ability ([@B38]). The results revealed that the avoidance response rate of the rats in the DLB+saline group was significantly lower than that of the rats in the Sham+saline group, indicating an impairment of procedural learning in DLB rats. Non-significant improvement of performance of DLB rats in the active avoidance test was observed after CEF treatment, which is sensitive to the mesolimbic and nigrostriatal dopamine (DA) level. However, the DA level in the striatum and SNc were actually significantly recovered by the current dose of CEF treatment while the motor impairment of DLB animals were found to be recovered also in the object recognition task. In this regard, we proposed that the current dosage of CEF may not be high enough for recovery of fear association memory in the DLB rats. CEF treatment prevented the learning deficit in DLB rats, indicating that CEF can be used to treat recognition impairment in DLB.

DAergic neurons in the nigrostriatal system is also observed in patients with DLB. Piggott et al. measured pathological changes in the putamen in patients with neurodegenerative diseases and found that DA concentration in the putamen was decreased by 72% in patients with DLB, decreased by 90% in patients with PD, and showed no change in patients with AD ([@B56]). Moreover, the DA transporter level in the putamen was decreased by 57% in patients with DLB. Another study showed that 40--60% of the DAergic terminals in the striatum were damaged, and the substantial nigra showed moderate neuronal loss ([@B31]). The striatum, a part of the basal ganglia, is involved in motion control, cognition, memory, and reward. Some neurodegenerative diseases, such as PD and Huntington's disease, are related to the degeneration of DAergic terminals in the striatum. The present study discovered a substantial loss of DAergic terminals in the striatum of DLB rats, and the results were similar to those reported in a previous study ([@B31]). However, after CEF treatment, the density of DAergic terminals in the striatum was effectively restored. The striatum is involved in the stimulus--response link ([@B14]; [@B54]). Therefore, the striatum may be vital for the learning involved in the active avoidance test. To perform active avoidance in the test, the rats needed to recognize environmental stimuli (CS is the signal for initiating the avoidance response), identify changes in visual stimuli (two chambers in the shuttle box), and respond to a visuospatial short-term memory (remember the chamber from which it has recently left). As previously reported, low DA levels in the striatum interfere with the aforementioned functions ([@B15]). A deficit of learning in the active avoidance test may be related to defects in the DAergic system, which was supported by the finding that CEF treatment, in addition to restoring the density of DAergic terminals in the striatum, improved the learning of DLB rats in the test.

The density of DAergic neurons in the SNc of DLB rats was decreased, but this was restored by CEF treatment. Regarding the clinical features of patients with DLB, in addition to cognitive dysfunction, motor impairment is observed. However, in the experiment, the DLB rats did not exhibit motor dysfunction (data not shown). Clinically, the "1-year rule" is used to distinguish DLB and PD dementia. If cognitive impairment occurs within 1 year following the onset of motor impairment or if cognitive impairment occurs earlier than motor impairment, DLB is diagnosed. Conversely, if cognitive impairment occurs 1 year after motor impairment occurs, PD with dementia (PDD) is diagnosed. Our present study demonstrated a cognitive deficit but not motor impairment in the DLB group. This may have been because of a short experimental period (only 28 days) and because the loss of DAergic neurons in the SNc (approximately 13%) was not sufficiently severe to cause motor impairment. By contrast, our previous study found that motor impairment was accompanied by more than 40% DAergic loss in the SNc in an MPTP-induced PD rat model ([@B73]). Notably, DA concentrations and DA transporter levels were decreased by 72 and 57%, respectively, in the putamen of aged (78 year-old) patients with DLB ([@B56]). The density of DAergic neurons was effectively restored after CEF treatment in both the PD ([@B73]) and DLB rat models. Hence, based on the aforementioned results, we suggest that CEF may prevent DAergic degeneration in the nigrostriatal system in neurodegenerative disorders.

The hippocampus is involved in learning and memory. Using MRI, Chow et al. reported that compared with the normal group, patients with DLB exhibited significant atrophy in the hippocampal CA1 area ([@B11]). The loss of pyramidal neurons in the hippocampal CA1 and DG areas of rats in the DLB+saline group in the present study is consistent with the finding in DLB transgenic mice, which have exhibited abnormal α-syn accumulation and cell loss in the hippocampal CA1 and CA3 regions ([@B64]; [@B40]; [@B53]). A post-mortem study showed abnormal α-syn accumulation in the hippocampal CA1 region of patients with DLB ([@B29]). CEF treatment restored the density of pyramidal cells in the hippocampus, which may be attributed to the improvement in learning and memory in DLB rats.

The neuropathology of DLB is related to abnormal accumulation of α-syn in the cortex, which eventually forms Lewy bodies and Lewy neurites, causing neurotoxicity and neurodegeneration in the brain stem, cortex, and limbic system. In this study, α-syn gene vector was injected into the lateral ventricle of rats, which diffused because of the flow of the cerebrospinal fluid and facilitated the expression of α-syn throughout the regions of the brain to model the pathological features of DLB. High levels of α-syn accumulation were observed in the hippocampal DG area of the DLB+saline rats, and this accumulation may be involved in the lower density of pyramidal neurons in the hippocampus because abnormal accumulation of α-syn in the limbic system leads to cell loss and dysfunction of the hippocampus ([@B29]). CEF has been reported to block the polymerization of α-syn and exert neuroprotective effects *in vitro* ([@B58]), which may be attributed to the effects of CEF in reducing the density of α-syn and restoring neuronal density in the hippocampus of DLB rats.

An adult animal's brain retains its neurogenesis function, which repairs the nervous system for those with neurodegenerative diseases. Neurogenesis occurs mainly in the subventricular zone and the subgranular zone (SGZ). These two regions are known as neurogenic areas, and the other parts of the brain are known as non-neurogenic areas ([@B68]), where in normal conditions, neurogenesis was though not to occur ([@B3]; [@B61]). This study demonstrated that CEF restored neuronal density in the hippocampus and substantia nigra of DLB rats. Hence, we further explored whether CEF promotes neurogenesis. BrdU is a synthetic nucleoside that replaces thymidine during DNA replication. Therefore, cells labeled with BrdU are newborn, and these cells can be used to evaluate the brain's neurogenesis ([@B68]). Because BrdU intercalates in any dividing or newborn cells. For more clearly analyzing neurogenesis in the future study, one should inject BrdU earlier or sacrifice rats later, for example, 3--4 weeks after BrdU injection, and perform double-staining with neuronal markers, for instance, a marker of immature neurons, doublecortin (DCX), or a marker of mature neurons, NeuN.

The hippocampus is a neurogenic area and is a crucial region responsible for learning and memory. Neurogenesis in the hippocampus has been demonstrated to be highly associated with hippocampus-dependent learning and memory. The promotion or inhibition of hippocampal neurogenesis may affect learning and memory. Gould et al. reported that hippocampus-dependent learning tasks increase the survival of newborn cells in the DG of rats ([@B17]). A study demonstrated that after placing rats in a rich environment for 4--8 weeks, hippocampal neurogenesis in the rats increased. In addition, the rats acquired more effective spatial learning skills in the Morris water maze test ([@B49]) and exhibited more efficient performance in inhibition of acoustic startle reflex ([@B30]). However, cytostatic drugs may suppress hippocampus-dependent learning ([@B62]). This indicates that newborn cells are involved in cognitive and memory functions, and the learning task also enhances neurogenesis in the hippocampus. A study demonstrated that neurogenic markers were abnormal in the hippocampus of patients with DLB ([@B31]). Our previous studies discovered that CEF treatment reduced neuronal deficits in the nigrostriatal system and hippocampal CA1, CA3, and DG regions of the MPTP-induced PD rat model ([@B26]). Additional studies have shown that CEF increases neurogenesis in the substantia nigra and hippocampal DG ([@B73]; [@B25]). Similarly, [@B78] reported a positive and significant correlation between CEF-induced increase of cognitive function and restoration of synaptic proteins in the hippocampal DG, CA1, and CA3 regions of a mice AD model, indicating a beneficial effect of CEF treatment in post-synaptic neurons. Because the SGZ is the main region in which neurogenesis occurs, it is speculated that CEF repairs neuronal deficits in the hippocampal DG by increasing neurogenesis ([@B26]; [@B73]). The present study demonstrated that the number of newborn cells in the hippocampal DG of rats in the DLB+saline group was significantly lower than that of rats in the Sham+saline group. CEF treatment restored the aforementioned deficits. To our knowledge, this is the first study demonstrating that CEF prevents loss of neurogenesis in the brain of DLB rats.

The substantia nigra was previously believed to be part of the non-neurogenic area, not producing new neurons under normal conditions ([@B3]; [@B61]). However, one study found new neurons in the pars reticulata of the substantia nigra (SNr) of patients with PD ([@B74]). Similarly, neurogenesis was observed in PD rats and primate animal models ([@B39]; [@B74]). These results support our previous finding that compared with the controls, PD rats had fewer newborn cells in the SNr. CEF treatment restored this deficit ([@B25]). Similarly, the present study discovered fewer newborn cells in the SNr of DLB rats, but the number of cells was restored by CEF treatment. Hence, we suggest that the recovery of neuronal density in the substantia nigra may have been due to increased neurogenesis. Because mature DAergic cells are mostly located in the SNc and we did not observe numerous newborn cells there, we can infer that SNc may not have been the main region in which new cells were produced. This study found that the number of newborn cells in the SNr was significantly higher than that in the SNc (approx. 130 cells vs. 30 cells). Thus, SNr may play a role in producing and incubating new cells. By increasing the number of newborn cells in the SNr and enabling the gradual migration of these cells to the SNc, CEF prevented the neuronal deficit in the SNc. CEF may thus be beneficial for the treatment of neurodegenerative diseases.

Our recent study, injecting rAAV into the ventricle and Aβ into the hippocampus, revealed that Aβ inhibits autophagy, increases intracellular ROS accumulation and mitochondrial dysfunction, and enhances α-syn aggregation in α-syn-overexpressed neurons ([@B41]). The method used in the present study for inducing pathological changes resulted in neurodegeneration and behavioral deficits similar to that in DLB. Analyzing the relationship between the level of Aβ and α-syn will be necessary in the future study for interpretation of the data and the validity of the model. Furthermore, in the future study, when establishing DLB or another synucleinopathy model, a better method should be designed to allow Aβ and α-syn to be properly expressed in the appropriate brain regions.

There are some literatures including our own research reporting the effects of CEF in normal rats. A dose-dependent effect of CEF on GLT-1 expression was observed on the astrocytes in the striatum and hippocampal CA1 in not only PD rats but also in normal rats. But CEF has no significant effect on behavior in normal rats, which may because of ceiling effect ([@B26]). In view of this, no Sham+CEF group was assigned in the present study. Using fluorescent staining and high-resolution camera in the future study will be helpful for producing clear image and for analyzing changes in the neuronal tissue. Phospho-specific staining will be needed for an appropriate presentation of α-syn because α-syn is ubiquitously expressed.

Conclusion
==========

In conclusion, CEF treatment repaired deficits of pyramidal neurons in the hippocampus of DLB rats and improved the density of DAergic neurons in the nigrostriatal system. Furthermore, neurogenesis in the DG and SNr was enhanced by CEF treatment. The results of behavioral tests revealed that CEF treatment improved learning and cognition in DLB rats. Thus, CEF may have potential for treating DLB.
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